We report strong instantaneous photoinduced absorption in the quasi-onedimensional Mott insulator Sr 2 CuO 3 in the IR spectral region. The observed photoinduced absorption is to an even-parity two-photon state that occurs immediately above the absorption edge. Theoretical calculation based on a two-band extended Hubbard model explains the experimental features and indicates that the strong two-photon absorption is due to a very large dipolecoupling between nearly degenerate one-and two-photon states. Room temperature picosecond recovery of the optical transparency suggests the strong potential of Sr 2 CuO 3 for all-optical switching.
is necessary to overcome the difficulty associated with long carrier lifetime. Large optical nonlinearity and sub-picosecond response times are observed in organic π-conjugated polymers [3, 4] , but further improvements in sample quality and morphology would be required for actual applications. Parallel development of novel nonlinear optical inorganic materials that on the one hand possess the large nonlinearity and ultrafast recovery times of the organics, and the intrinsic robustness and superior thermal conductivity of inorganics on the other, is highly desirable. To date, no such inorganic semiconductor is known. We report in the present Letter the observation of large ultrafast optical nonlinearity in a novel strongly correlated inorganic semiconductor that is intrinsically different from conventional inorganic band semiconductors. The specific material we have studied is Sr 2 CuO 3 . Sr 2 CuO 3 is a quasi-1D Cu-O linear chain compound, whose structure is shown in Fig.   1 (a). The material is a prototypical strongly correlated charge-transfer insulator within the Zaanen-Sawatzky-Allen scheme [5] . Optical absorption in Sr 2 CuO 3 involves charge-transfer (CT) excitation of a Cu-hole to an O-site, with an absorption band-edge at ∼ 1.6 eV and the band maximum at 2 eV ( Fig. 1(b) ). In addition to the high energy charge excitations, there exist low energy spin excitations in Sr 2 CuO 3 , which correspond to those of a nearly ideal 1D Heisenberg chain with intrachain exchange integral J ∼ 2000 − 3000 K [6, 7] . The interchain coupling in this system is rather weak, as is evidenced by the occurrence of 3D long-range antiferromagnetic coupling only below T N = 5 K [8] .
We present here the results of time-resolved femtosecond pump-probe measurements on 2 a single crystal of Sr 2 CuO 3 , grown by the traveling-solvent floating-zone method [7] . A thin flake with a thickness of L ∼ 50 µm was cleaved out with the bc-plane for transmission measurement. Optical pulses are provided by a system based on amplified mode-locked Ti:sapphire laser and optical parametric generator supplemented with sum and difference frequency generation. This system generates pulses with the photon energy centered at 0.2 -2.0 eV and with temporal width ∼ 200 fs. In our experiment, we measure the differential transmission ∆T /T (where T is the transmission in the absence of the pump beam), as a function of the delay time of the probe with respect to the pump. Fig. 1(c) shows the temporal evolution of ∆T /T measured at 10 K for different pump (ω pump ) and probe (ω probe ) photon energies. The intensity of the pump pulse is ∼ 2 GW/cm 2 .
The intensity of the probe pulse is one to two orders of magnitude smaller. One can observe which is pronounced when the pump photon energy is tuned below the absorption edge of ∼ 1.6 eV, is due to coherent interaction between the pump and probe pulses. At ω pump = 3.1 eV, which is far above the absorption edge, this coherent interaction is suppressed by the strong linear absorption, and correspondingly, the peak-like structure in the pump-induced transmission vanishes. At ω pump = 1.55 eV, the strong group velocity dispersion near the absorption edge gives rise to the increase in the temporal width of the peak-like structure up to approximately 1 ps.
The second component of the transmission change manifests itself as an exponentially decaying tail with characteristic time of about 2 ps. One can observe from Fig. 1 (c) that magnitude of this component decreases with decreasing of the pump photon energy and, correspondingly, with the pump absorption coefficient (see Fig. 1(b) ). These experimental findings indicate that this relatively long-lived component of the transmission change can be associated with real excitation of the CT exciton, whose decay time is of similar magnitude.
These features in the temporal behavior of the pump-induced transmission remain at 3 room temperature. We find that the magnitude of the effect is proportional to the pump intensity up to ∼ 5 GW/cm 2 , indicating the pump-induced transmission change to be a third order optical process.
We describe ∆T /T in terms of the pump-induced change in the absorption coefficient
where L is the crystal length, which consists of the instantaneous (peak) and exponentially decaying (tail) components, respectively: ∆α = ∆α peak + ∆α tail . the smaller the ω pump , the larger is the probe photon energy ω probe at which the maximum of the pump-induced coherent absorption is obtained. Moreover, it is seen that β is maximum at ω probe ≈ 2.1 eV -ω pump at all pump photon energies. This strongly suggests that the peak structure in Fig. 1 (c) is due to a two-photon allowed (one-photon forbidden) state at ∼ 2.1 eV. Alternative mechanisms, which may be responsible for the observed instantaneous photoinduced absorption change, can in principle involve fifth-and higher order effects associated with real carriers excitation due to two-photon absorption of the pump or with the electron-hole plasma created by the intense pump pulse [9] . However, the observed linear dependence of ∆α peak on the pump intensity suggests that the instantaneous photoinduced absorption is essentially of the third-order in the light field. This observation along with the strong dependence of the pump-induced transmission spectra on ω pump precludes mechanisms of optical nonlinearity other than TPA.
To clarify this further we plot β in Fig. 2(b) as a function of ω pump + ω probe . One can readily observe that maximum of the pump-induced coherent absorption takes place at ω pump +ω probe = 2.1 eV for all pump photon energies. The dashed line on Fig. 2(b) represents the linear absorption spectrum indicating that one-and two-photon allowed bands nearly overlap.
In order to clarify the origin of the observed TPA band in Fig. 2(b) we consider the Cu-O chain within the two-band extended Hubbard model [10] , This near degeneracy is expected to lead to very large transition dipole coupling between the one-and two-photon states.
To confirm the above conjecture we have performed exact numerical calculations for finite periodic rings of 12 sites (6 Cu and 6 O) within Eq.1, for parameters |t| = 1 -1.4 eV, U Cu = 8 -10 eV, U O =4 -6 eV, V = 0 -2 eV, and ǫ = 1 -2 eV. Because of the large Hubbard U the relevant wavefunctions are strongly localized, and even the 12-site periodic ring can give semi-quantitative results. In all cases, the transition dipole coupling between the one-and the two-photon states is one to two orders of magnitude larger than that between the ground state and the one-photon state. The third order nonlinear optical coefficient, χ (3) (−ω; ω, ω, −ω), whose imaginary component gives the TPA, is now calculated from the energies and transition dipole couplings [11] . In Fig. 3 we have shown the calculated absorption and TPA spectra in arbitrary units, for one set of parameters for our finite system.
The inset shows the energies of the one-and two-photon states and the transition dipole couplings that are used in the calculation.
At the maximum of the TPA band, the magnitude of the experimental TPA coefficient β is ∼ 150 cm/GW (Fig. 2(b) ), which corresponds to Imχ (3) ∼ 10 −9 esu. This value is larger than that predicted from the gap-dependent scaling law derived for conventional semiconductors [12] by one order of magnitude, and is comparable to that of conventional 1D-structured materials. The scaling law [12] is inapplicable to Mott-insulators, in which the origin of the optical nonlinearity is the very large dipole coupling between nearly degenerate excited states of opposite parities. The mechanism of optical nonlinearity here is related to that in the π-conjugated polymers, which are described within the one-band extended Hubbard model and in which also there occurs very large dipole coupling between the optical state and a two-photon state slightly higher in energy [13] . Not surprisingly, the magnitude of χ (3) in Sr 2 CuO 3 is therefore comparable to some of the best organic materials [14, 15] .
The intensity dependent refractive index n 2 , obtained by a Kramers-Kronig transformation of the TPA data, is ∼ 10 −7 -10 −6 cm 2 /MW, also comparable to the organics [14] .
In addition to the large magnitude, the excitonic nonlinearity in Sr 2 CuO 3 is featured by picosecond response, whose characteristic time is given by the decay constant of the tail-like component in Fig. 1(c) . Such an ultrashort response indicates the existence of a fast nonradiative relaxation channel. Although detailed discussion of relaxation mechanisms of the optical excitation in Sr 2 CuO 3 is beyond the scope of this paper, we suggest that the ultrafast ground state recovery is related to the occurrence of spin excitations below the optical gap [16, 17] . The low energy excitations of these system are the gapless spin excitations (spinons) of the uniform one-dimensional antiferromagnetic Heisenberg chain. These spin excitations are optically silent, and have an overall bandwidth of ∼ 1 eV [6, 7] . It is then conceivable that following the relaxation of the CT exciton to the highest energy spin excited states there occur further fast intra-spinon-band relaxation through the emission of multiple phonons and spinons. Because of the absence of such midgap states in the conventional semiconductors similar non-radiative processes would be absent there.
The room temperature ultrafast ground state recovery implies a high potential of Sr 2 CuO 3 in the ultrafast optoelectronics and, specifically, in all-optical switching devices. In order to estimate this potential in terms of the maximum available repetition rate, we have performed a double-pulse experiment at room-temperature. Fig. 4 shows the ∆T /T induced by two pump pulses with wavelength of 1400 nm. The transmission change was measured at 1200 nm, which is around the optical fiber communication wavelength. The second pump pulse, applied 2 ps after the first, induces nearly the same transmission change as the first.
However, comparing with the single-pulse response (not shown), the transmission change in tail part is accumulated from pulse to pulse, leading to the limitation on the repetition rate.
If ∆α tail and ∆α peak are the tail and peak components of photoinduced absorption and f is the pulse repetition rate, the tail component of the induced absorption in the steady-state
. Therefore, the maximum available repetition rate can be estimated from a natural criterion of the operability of the system, δα tail = ∆α peak , which gives f max = (∆α peak /∆α tail )τ −1 . ¿From Fig. 4 , we obtain f max ≈ 10 13 s −1 for our sample, i.e., it can be used as a nonlinear optical medium with operability of several terabits per second.
In summary, we find that Sr 2 CuO 3 exhibits strong nonlinearity and picosecond recovery of optical trasparency. Theoretical calculations indicates that the nonlinearity of the quasi-1D cuprates is due to a very large transitional dipole moment between nearly degenerate oneand two-photon states. Our findings suggest a strong potential of these materials for high bit-rate all-optical switching and, therefore, introduce a new means of achieving ultrafast optoelectronics with strongly correlated electron systems. We believe that with innovative material processing there is considerable scope for future enhancement of the figure of merit of these materilals for optoelectronic applications. 
